Self-condensation of 1,3,5-trihydroxybenzene and 3,5-dimethoxyphenol using solid acid catalysts and microwave irradiation produces polyhydroxy-substituted biphenyl derivatives in moderate to good yields. Condensation of 1,3,5-trihydroxybenzene with p-benzoquinone gives 2,2'-dihydroxybiphenyl derivatives in good yields. On using classical heating these reactions do not occur or afford only traces of the desired products.
Introduction
Microwave irradiation is an unconventional energy source whose utility in synthetic organic chemistry has been increasingly recognized in recent years. 1 On the other hand, solvent-free conditions are especially suitable for microwave activation and several advantages are evident in this approach. 2 In the absence of solvent the irradiation is absorbed directly by the reagents, so the effect of microwaves is more marked. Moreover, solid supports can be used efficiently; many mineral oxides are poor conductors of heat whereas they absorb microwave irradiation very efficiently, 3 a situation that produces a real benefit for supported reactions induced by microwaves. In this respect, microwave irradiation has been applied with success to several kinds of reactions. The rapid heating induced by microwave irradiation leads to the formation of the products under mild reaction conditions and with short reaction times. reactions were obtained by treatment of silica with ZnCl2 [Si(Zn)], 14 Et2AlCl [Si(Al) ] 15 or TiCl4 [Si(Ti) ]. 15 In the present paper a comparative study of the influence of the catalyst on yield will be discussed. 
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Reactions were performed in the absence of solvent and the reaction conditions were optimized to obtain the best yield. The results of the study into the synthesis of biphenyl derivatives by microwave irradiation using solid acid catalysts are shown in Table 1 . The nature of the catalyst was found, in some cases, to have a spectacular effect on yields (Table 1) .
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It was found that hydroxybenzene derivatives 1 and 2 dimerize under microwave irradiation within 25-30 min to afford biphenyls 5 and 6, respectively (Table 1) . Dimerization requires an activated phenol and a leaving group meta to the hydroxy group. Yields are higher on increasing the electron-donating nature of substituents (entry 1 vs entry 4). It should also be considered that dimerization of compound 2 is regioselective and produces compound 6 exclusively; nucleophilic attack occurs in para position of a methoxy group (not the hydroxy group) of the nucleophile and with substitution of a methoxy group (not the hydroxy group) of the electrophile (Scheme 2). Scheme 2. Proposed mechanism for the self-condensation of 1,3,5-trihydroxybenzene 1 and 3,5dimethoxyphenol 2.
Self-condensation of hydroquinone (3) showed that even less reactive hydroxyphenyl derivatives dimerize under these conditions, albeit to give moderate yields (entry 5). The absence of one activating group reduces the nucleophilic character of the ring carbon atoms and reaction occurs by nucleophilic attack by oxygen. This enabled 4,4'-oxy-diphenol (7) to be obtained, showing that this could be a very simple procedure for the preparation of diaryl ethers from phenols.
The introduction of electron-donating groups increases the nucleophilicity of the aromatic compound, which in turn becomes a poor electrophile. In this respect, the addition of a good electrophile such as p-benzoquinone (4) produced a very good yield of the cross-coupling product 8 (entry 6).
Attempts to perform the coupling reaction with acidic clays (Montmorillonite K10 and KSF) as solid acids proved unsuccessful (entries 2 and 3).
The process described here, owing to its procedural simplicity and the use of readily available chemicals, appears to be a promising and useful route to a variety of polyhydroxy-
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substituted biphenyl and diaryl ethers. These findings demonstrate the potential of using solid acids. We have used silica-supported Lewis acids as catalysts as acid catalysts in this reaction. We have previously used these catalyst with success in the Diels-Alder cycloaddition furan derivatives in solvent-free conditions and under microwave irradiation. 16 The results obtained with these catalysts in the self-condensation of 1,3,5-trihydroxybenzene (1) are shown in Table  2 . It can be seen from the results in Table 2 that the nature of the silica-supported catalyst has a spectacular effect on the yield. Yields of compound 5 are higher on using the Lewis acid solids as catalysts. The use of Si(Ti) gives the best results and the polyhydroxybiphenyl derivative was obtained in moderate yield (see Table 2 , entry 3 versus entry 1 and 2). It is remarkable that the use of SiO2 (Table 2, entry 4) does not promote any reaction at all. This result shows the importance of the catalytic activity of the metal.
These results can be explained in terms of the different acid characteristics of the catalyst -Si(Zn) is a pure Lewis acid while Si(Al) and Si(Ti) have Lewis/Brönsted acid area ratios 17 of 5.3 and 4.4, respectively. The mechanism proposed for the reaction is an aromatic electrophilic substitution in which Lewis acidity is not necessary. Microwave irradiation plays an important role in this process and the advantage of using microwave irradiation is not exclusively an acceleration of the reaction. Indeed, when all these reactions (with both types of catalyst) were performed using classical heating in an oil bath under comparable reaction conditions (time and temperature) the biphenyl product was not formed (for instance see Table 2 , entry 3 vs. entry 5) even using longer reaction times.
However, the use of Si(Ti) for the preparation of biphenol derivatives 6 and 8 and diarylether 7 was always unsuccessful and no reaction took place in a wide variety of reaction conditions.
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Conclusions
In conclusion, the synthesis of a range of polysubstituted biphenyl derivatives has been achieved using solid acids or heterogeneous catalysis under microwave irradiation in solvent-free conditions. The products are easily prepared in a single step by the action of Dowex or Si(Ti). A variety of polyhydroxy biphenyl derivatives can be synthesized by selecting the appropriate reactants. This method represents a simple and useful alternative for the preparation of some polyhydroxy biphenyl derivatives or diaryl ethers whose synthesis is difficult by other methods. In control experiments, reaction was not observed without microwave irradiation and thermal activation also proved inefficient.
Further work is in progress to establish the precise mechanism of this self-condensation in order to explain the observed reaction.
Experimental Section
General Procedures. Reactions under microwave irradiation were performed in a focused Prolabo MX350 microwave reactor. Temperature under microwave irradiation was measured with an IR pyrometer. Incident power and reaction temperature were controlled using especially designed software (PACAM-MPX-2). Reactions carried out using thermal heating were performed in an oil bath under similar conditions of temperature and time as the microwave reactions. Temperature under conventional heating was determined with a thermocouple submerged in the reaction mixture and previously calibrated with the IR pyrometer with a blank reaction. All compounds were characterized by analytical methods and 1 H and 13 C NMR spectroscopy, using one-and two-dimensional techniques. The new compounds exhibit NMR spectra consistent with their structures and gave satisfactory molecular weight determinations (mass spectrometry). Melting points were determined using a Gallenkamp melting point apparatus and are uncorrected. NMR spectra were recorded on a Varian Unity 300 spectrometer with TMS as the internal standard and operating at 299.98 MHz for 1 H and 75.423 MHz for 13 C. The mass spectra were recorded on a Waters GCT Mass Spectrometer and a VG AutoSpec apparatus using electron impact at 70 eV. Determination of exact mass was carried out with polyethylene glycol as the internal standard. Flash column chromatography was performed on silica gel 60 (Merck, 230-400 mesh). Phenols (1-3) and benzoquinone (4) are commercially available chemicals and were purchased from Sigma-Aldrich and used without further purification. Compounds 5 and 7 showed to be identical to the commercially available. Modified Lewis acids were obtained by treating silica gel with 1 M solutions of ZnCl2, AlEt2Cl or TiCl4 following the previously described method. 14, 15 The silica contained 1.5 mmol of Zn g -1 ,
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1.4 mmol of Al g -1 and 1.2 mmol of Ti g -1 , respectively, as determined by plasma emission spectroscopy. For the Si(Zn) catalyst, activation for 2 h at 150 ºC under vacuum was necessary before use. Reagents were supported on the catalysts by dissolving the mixture in 5 mL of diethyl ether followed by evaporation of the solvent.
General procedure
Phenols 1-3 (10 mmol) or a mixture of 1,3,5-trihydroxyphenol (1) (5 mmol) and p-benzoquinone (4) (5 mmol) supported on a solid acid support (1 g) was exposed to microwave irradiation for the time and power indicated in Table 1 . For isolation of the compounds, the solid support was removed by extraction with acetone. After solvent evaporation, products were purified by column chromatography on silica gel (hexane/AcOEt 2:1) or sublimation for compound 7. Yields were determined by 1 H NMR spectroscopy using the following internal standards: maleic anhydride ( = 7.45 ppm) for entries 1-3 in Table 1 and all entries in Table 2 , succinic anhydride ( = 2.9 ppm) for entry 4 in Table 1 and dichloroethane ( = 3.9 ppm) for entries 5 and 6 in Table  1 . It should be remarked that for the reactions in entries 4 and 6 ( Table 1) the isolated yields show differences of between 4 and 7% less than the calculated yields using the corresponding internal standard above indicated, thus demonstrating the accuracy of this method. 119.0 (6'-C), 116.0 (3'-C), 114.0 (4'-C), 94.9 (5-C and 3-C), 157.8, 149.3, 147.7 (5'-C, 2'-C and 4-C), 123.0, 104.8 (1'-C and 1-C). HRMS calculated for C12H10O5 234.0528, found 234.0536.
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